Common bean (Phaseolus vulgaris L.) is the most important legume consumed worldwide; its genetic origins lie in the Mesoamerican (main centre) and Andean regions. It is promiscuous in establishing root-nodule symbioses; however, in the centres of origin/domestication, the predominant association is with Rhizobium etli. We have previously identified a new lineage (PEL-3) comprising three strains (CNPSo 661, CNPSo 666 and CNPSo 668 T ) isolated from root nodules of common bean in Mexico, and that have now been analysed in more detail. Sequences of the 16S rRNA gene positioned the three strains in a large clade including R. etli. Multilocus sequence analysis (MLSA) with four housekeeping genes (recA, glnII, gyrB and rpoA) positioned the three strains in a clade distinct from all other described species, with 100 % bootstrap support, and nucleotide identity (NI) of the four concatenated genes with the closest species R. etli was 95.0 %. Average nucleotide identity (ANI) values of the whole genome of CNPSo 668 T and the closest species, R. etli, was 92.9 %. In the analyses of the symbiotic genes nifH and nodC, the strains comprised a cluster with other rhizobial symbionts of P. vulgaris. Other phenotypic and genotypic traits were determined for the new group and our data support the description of the three CNPSo strains as a novel species, for which the name Rhizobium esperanzae is proposed. . An important feature of common bean is its capacity for symbiotic association, establishing N 2 -fixing root nodules with a broad range of rhizobial species [3] [4] [5] [6] [7] [8] [9] . Amazingly, there are now reports of symbioses of common bean with at least 24 species of alpha-and beta-rhizobia, in addition to several putative new species.
genes nifH and nodC, the strains comprised a cluster with other rhizobial symbionts of P. vulgaris. Other phenotypic and genotypic traits were determined for the new group and our data support the description of the three CNPSo strains as a novel species, for which the name Rhizobium esperanzae is proposed. The type strain is CNPSo 668 T Legumes provide protein, minerals, vitamins and carbohydrates for human and animal nutrition [1] . Common bean (Phaseolus vulgaris L.) is the most important grain legume for human consumption, in particular for low-income families in Latin America, the Caribbean and East Africa [2] . An important feature of common bean is its capacity for symbiotic association, establishing N 2 -fixing root nodules with a broad range of rhizobial species [3] [4] [5] [6] [7] [8] [9] . Amazingly, there are now reports of symbioses of common bean with at least 24 species of alpha-and beta-rhizobia, in addition to several putative new species.
The Mesoamerican and Andean regions have been recognized as the locations of the major ecogeographical gene pools of P. vulgaris [10] , although recent molecular analysis has shown that Mesoamerica is the main centre of origin of the legume [11] . Studies of the co-evolution of the legumes and rhizobia are important to achieve a better understanding of the symbiosis [12, 13] . Particularly interesting are the studies of co-evolution of promiscuous symbioses such as those involving common bean [14, 15] . R. etli-related strains represent the dominant species in common bean root nodules in the centres of diversification/domestication of this legume in Mexico [4, 16, 17] , and in northwest Argentina [14, 15] . However, other rhizobia-related lineages might be important in Mesoamerica [9, 18] , and new species symbionts of common bean from Mexico have been described recently, such as R. hidalgonense (although nodulation in the host legume is yet to be confirmed) [19] , R. acidisoli [20] and R. azibense, which includes strains from Spain and Tunisia [21] . Interestingly, a probable additional third gene pool of P. vulgaris is localized between Peru and Ecuador [22] , and a group of strains from this region comprises the species R. ecuadorense [8] .
Other putative new lineages from common bean gene pools, all fitting into the R. phaseoli/R. etli/R. leguminosarum clade, remain to be described [9] .
Here we describe polyphasic analyses performed with one lineage identified as PEL-3 in our previous study [9] , for which we propose the new species Rhizobium esperanzae sp. nov. The strains used in our study are listed in Table S1 (available in the online Supplementary Material). The three strains used to define the new species, CNPSo 661, 666 and 668 T , were collected and isolated by Dr Peter H. Graham (University of Minnesota) from P. vulgaris nodules of plants grown in Mexican soils; preliminary analyses with those strains have been performed by Ribeiro et al. [9] . The strains are deposited at the Culture Collection of Diazotrophic and Plant Growth Promoting Bacteria of Embrapa Soja (WFCC Collection # 1213, WDCC Collection # 1054), located in Londrina, State of Paran a, Brazil, and the type strain is available in other culture collections. The strains were grown on modified-yeast extract-mannitol agar (YMA) medium [23] at 28 C, unless otherwise indicated. Stock cultures were maintained on modified-YMA at 4 C, while long-term preservation was performed in modified-YM with 30 % glycerol at -80 C and -150 C, or by lyophilization.
In a previous analysis of the 16S rRNA gene, the three strains were clustered in a distinct group (PEL3 lineage) in the R. phaseoli/R. etli/R. leguminosarum clade [9] . An extended analysis of the 16S RNA genes, including newly described rhizobial species, was performed using maximum likelihood (ML) [24] in MEGA v.7 [25] , and the Tamura-Nei model [26] , and multiple-sequence alignments were constructed with MUSCLE [27] . Tree-node support was evaluated with bootstrap analysis [28] using 1000 pseudoreplicates. A phylogenetic tree with the 16S rRNA gene was built with Rhizobium species, and Fig. 1 shows the results obtained when the analysis was performed with closest and representative species; accession numbers are shown in the phylogram. The phylogram of the 16S rRNA confirmed the results of several reports [8, 29, 30] , i.e. that the 16S rRNA gene sequence is unable to clearly delineate species phylogenetic positions, indicating that housekeeping genes should be analysed. The 16S rRNA gene sequence analysis indicated higher similarity of the three strains with R. fabae and R. ecuadorense ( Fig. 1) .
Four housekeeping genes were analysed (glnII, gyrB, rpoA and recA) using the same parameters as defined for the 16S rRNA gene, and accession numbers are indicated in the phylograms obtained for each gene, in Figs S1-S4, respectively. When analysed individually, CNPSo 661 and 668 T showed full congruence of the genealogies of the glnII, gyrB and rpoA genes, and were clustered with CNPSo 666 with high bootstrap support, of 95-98 % (Figs S1-S3). The only exception was with the recA gene (Fig. S4) , where CNPSo 661 and 668 T were congruent, but CNPSo 666 was positioned in a different cluster, indicating differences in the evolutionary history of this gene (Fig. S4) . It is worth mentioning that Bontemps et al. [31] described several R. etlilike strains isolated from Mimosa spp. in Mexico which nodulate common bean, but when we compared their recA sequences, strains CNPSo 661 and 668
T occupied a different cluster with high bootstrap support (data not shown), indicating that they should not belong to the same species. MLSA (multilocus sequence analysis) has been increasingly used successfully to define rhizobial species (e.g. [6-9, 19, 20, 32-34) . A phylogenetic tree was built with the concatenated partial sequences of glnII, gyrB, rpoA and recA genes, and the three strains from our study were clustered with high bootstrap support (99 %), being clearly distinct from the closest species, R. etli (Fig. 2) . A phylogenetic tree was also built with two housekeeping genes, glnII and gyrB, as more sequences of Rhizobium strains were available for these two genes. Again, the three strains from our study were clustered (98 % of bootstrap support) and distinct from R. etli (Fig. S5 ).
Nucleotide identities (NI) of the 16S rRNA and of the single and concatenated genes were calculated with BioEdit [35] and are shown in Table S2 . Identity of the 16S rRNA gene between the R. esperanzae strains was 99.8 %, and for the housekeeping genes it ranged from 92.3 to 100 %. Considering the four concatenated genes, the similarity between CNPSo 668
T and CNPSo 661 was 99.6 % and with CNPSo 666 it was 97.4 %, within the range of the same species. Konstantinidis et al. [36] found that 96 % of identity in concatenated housekeeping genes is equivalent to 70 % DNA-DNA hybridization (DDH). Considering the strain CNPSo 668
T with the closest species R. etli CFN 42 T , the similarity of the 16S rRNA gene was 99.4 %, for three housekeeping genes 94.2 %, and for four housekeeping genes 95.0 %. According to the proposals of threshold for species definition [37] [38] [39] , the NI values obtained from the MLSA indicate that the group of CNPSo strains represents a new species.
Values of average nucleotide identity (ANI) of whole genomes between 95.0 and 96.5 % are equivalent to the 70 % DDH threshold [36, [39] [40] [41] [42] [43] , and are useful for describing rhizobial species (e.g. [8, 19, 33, 34, 44] ). A draft of the whole genome sequence of CNPSo 668
T was obtained and deposited at the DDBJ/ENA/GenBank (Accession Number MXPU00000000). ANI values were obtained using the JSpecies program [41] and nd MUMmer v. 3.0 [45] for sequence alignment. Genome sequences of the closest type strain R. etli CFN 42 T were retrieved from GenBank (CP000133.1, chromosome) and the ANI value between them was estimated as 92.9 %, another indication of a new species.
To determine the DNA G+C content of CNPSo 668 T , genome contigs were concatenated and the proportion of G+C bases was calculated with JSpecies [41] . G+C content of strain CNPSo 668 T was 59.8 mol%, which is in the range of Rhizobium and of the close species R. etli CFN 42 T (60.5 mol%) and R. ecuadorense CNPSo 671 T (61.1 mol%).
Fingerprint DNA analysis was performed by BOX-PCR, as described by Kaschuk et al. [46] . The profiles were compared with eight reference strains. The clusters were generated using the UPGMA (unweighted pair group method with arithmetic mean) algorithm [47] and the Jaccard coefficient [48] , with 2 % tolerance, using the Bionumerics program (Applied Mathematics, Kortrijk, Belgium, v.7.6). The three CNPSo strains were clustered with 85 % similarity, differing from all other reference strains (Fig. S6 ).
The fatty-acid profile of strain CNPSo 668 T was determined using the MIDI Sherlock microbial identification system with the TSBA6 database, after growth for 5 days on YMA, and the results and methodology details are shown in Table S3 . Strain CNPSo 668
T contained summed feature 8 (C 18 : 1 !7c/C 18 : 1 !6c, 50.2 %), C 19 : 0 cyclo !8c (28.2 %), C 18 : 0 (6.5 %) and summed feature 2 (C 14 : 0 3OH/C 16 : 1 iso I, 6.2 %) as major components, values normally found in members of the genus Rhizobium [49] .
Although symbiotic characteristics are not mandatory for species differentiation, as the main feature of CNPSo strains is their ability to form N 2 -fixing nodules in common bean, we investigated the phylogeny of nodulation (nodC) and nitrogen-fixation (nifH) genes. Primers and amplification conditions were performed as described by Laguerre et al. [50] and accession numbers obtained are shown in the phylograms. In the phylogenetic tree with nodC genes, the three CNPSo strains were similar and clustered with R. sophorae CCBAU 03386 T (Fig. 3) . Interestingly, all strains clustered closer to the CNPSo strains were symbionts of P. vulgaris originating from sites in China, Tunisia, Ecuador and Mexico.
The phylogeny of nifH has also shown a correlation with the host plant, with a major cluster including species/strain symbionts of P. vulgaris, such as R. acidisoli FH23, 'R. hidalgonense' FH14, R. phaseoli ATCC14482 T , R. etli CFN42 T and R. ecuadorense CNPSo 671 T (Fig. S7) . To confirm the symbiotic ability of the CNPSo strains, a nodulation test was carried out. Seeds of Phaseolus vulgaris and Glycine max were surface-sterilized, germinated, inoculated with each strain and grown in previously sterilized substrate, under greenhouse conditions and receiving nitrogen-free nutrient solution. Effective N 2 -fixing nodules, characterized by internal pink colour due to the leghaemoglobin and green leaves, were observed after 25 days only on common bean.
The phenotypic and physiological features of the novel isolates were determined and compared with those of type strains of the closest species. Unless indicated, phenotypic tests were performed at 28 C, evaluating colony morphology, tolerance of NaCl, acid/alkali reaction in YMA medium with bromothymol blue, temperature and pH, and growth in liquid Luria-Bertani (LB) medium, as previously described by Hungria et al. [51] . Enzymatic degradation of urea was determined in YMA medium containing 2 % urea and phenol red as an indicator. Contrary to major tropical symbionts of common bean, R. tropici and R. leucaenae, and similar to the major Mesoamerican symbiont R. etli, strains CNPSo 661, 666 and 668
T did not grow in acid conditions (pH 4.0), at high temperature (37 C), or tolerate 1 % NaCl ( Table 1) .
Tolerance of antibiotics was evaluated using the discdiffusion method on YMA plates with the following antibiotics (per disc): ampicillin (10 µg), bacitracin (0.04 U), cefuroxime (30 µg), chloramphenicol (30 µg), erythromycin (15 µg), nalidixic acid (30 µg), neomycin (30 µg), penicillin (10 U), streptomycin (10 µg) and tetracycline (30 µg). All tests were performed in triplicate. The CNPSo strains were sensitive to ampicillin, cefuroxime, streptomycin and tetracycline and were tolerant or moderately tolerant of the other antibiotics (Table 1) . When compared to R. etli CFN 42 T , the closest species, the CNPSo strains were sensitive to ampicillin, cefuroxime and streptomycin. Utilization of different carbon sources was determined using the API 50CH kit (bioM erieux), following the manufacturer's recommendations, using YM-minus-mannitol as the basal medium. Growth on/at/with Cells are Gram-stain negative, aerobic, non-spore-forming rods. Colonies on YMA medium are circular, opaque, with abundant production of mucus and usually 1-2 mm in diameter with 2-3 days of incubation at 28 C. Strains acidify YMA medium after 3 days and do not grow on LB medium, YMA medium at 37 or 40 C, YMA at pH 4.0 or YMA with 1 % NaCl. They grow in PY medium lacking calcium and are positive for urease activity. 
